ABSTRACT The effect of soya lecithin (SL) on solubilization and biodegradation of pentachlorophenol (PCP) by
Introduction
In the past, pentachlorophenol (PCP) was used for the protection and the preservation of wood, as an antifungal agent in the leather industry and as wide-spectrum biocide in industry and agriculture. This fact has led the groundwater, sediments and soil contamination with PCP due to its molecular stability and sorption properties [1] . Besides, the exposition to PCP-contaminated soil can result in dermal absorption, which can have adverse health effects [2] .
The PCP is a weak acid with a pKa of 4.75, low water solubility (14 mg•L −1 at 25˚C), and high K OW (1.0 × 10 5 ) [3] . Therefore, PCP adsorbs on the organic fraction of soils [4] and can be present as non-aqueous phase liquids due to its low solubility in water [5] . Although PCP persists in many environments, biological methods have been utilized in groundwater and soil for the PCP bioremediation [1, 6] . Biodegradation process of PCP by white-rot fungi is well-known. Bjerkandera adusta, Phanerochaete chrysosporium, Trametes versicolor, and Trametes hirsute are some of the white-rot fungi that show the ability to degrade several contaminants, including PCP [7] [8] [9] [10] . The potential of these microorganisms resides in its extracellular enzymatic systems, which may include lignin peroxidase (LiP), manganese peroxidase (MnP), and lac-case (Lac) [11, 12] . Several studies have led to finding native fungal strains with ligninolytic activity and capacity to degrade several contaminants. Studies realized by Rubilar et al. [6, 10] and Tortella et al. [13] have demonstrated that Anthracophyllum discolor, a native Chilean fungus, presents the ligninolytic activity with high level of MnP production and capacity to degrade PCP. However, these processes are negatively affected by the low water solubility of the contaminants, limiting their availability to microorganisms. Several researchers have reported that the addition of surfactant in contaminated sites increases the bioavailability of hydrophobic compounds, allowing an increase of its concentration in the water phase and, therefore, more available for biodegradation [14] [15] [16] .
Surfactants are organic molecules with a hydrophilic group and a hydrophobic chain [17, 18] . An important characteristic of these molecules is the formation of micelles, which are capable of dissolving hydrophobic compounds in their hydrophobic core, resulting in an apparent increment of its aqueous solubility [19, 20] . Solubilization depends on the type and dose of the surfactant, and hydrophobic compound properties. Doong and Lei [21] evaluated the solubilization of four polycyclic aromatic hydrocarbons (PAHs) in a soil system in the presence of different surfactants. They found that the solubility of contaminants enhances with the addition of surfactant and the extent of availability depended on the polyoxyethylene chain present in the surfactant. Besides, Zhu and Feng [14] demonstrated that the PAHs are solubilized synergistically in mixed anionic-nonionic surfacetant solution, especially at low surfactant concentration. Shin et al. [22] examined the effect of pH on phenanthrene solubilization from soil in presence of rhamnolipid, an anionic biosurfactant produced by Pseudomonas. Their results showed that the solubility of the contaminant enhanced in a pH range of 4.5 -5.5. Moreover, they concluded that the changes in the apparent solubility of the compound within the pH are attributed to the different pH-depended structures of rhamnolipid. Cort et al. [23] evaluated the solubility of PCP in minimal medium containing Tergitol NP-10 (nonionic surfactant) adjusted to pH 2. They found that PCP concentration increased linearly as surfactant was added in the range of 50 -1256
. On the other hand, Hanna et al. [24] determined that the apparent solubility of PCP increases linearly with catioinic surfactant concentration at pH 3.
Soya lecithin (SL) is a slightly studied phytogenic surfactant on solubilization and biodegradation processes. It has been applied to studying its effects on biodegradation of PAHs and polychlorinated biphenyls. In this context, Soeder et al. [25] evaluated the effect of SL and quillaya saponin on the aerobic biodegradation of PAHs in shakebatch cultures of bacteria. Their results showed that SL has high PAH-solubilizing activity and a lower bacterial toxicity with respect to quillaya saponin.
In general, biosurfactants are considered as low or non-toxic [26] . However, it can be toxic and exert inhibitory effects on the biodegrading microorganisms [27, 28] . Flasz et al. [29] found that the chemical surfactant presented higher toxicity and mutagenic effects, whereas that the natural surfactants were less-toxic and non-mutagenic. Soeder et al. [25] established that SL enhances growth of bacteria. Besides, Bustamante et al. [30] demonstrated that when SL is included in the growth medium, it enhances growth and MnP production of A. discolor. In this context, scanning electron microscopy (SEM) is a useful tool for exploring the surface of microorganisms and detecting the biosurfactant effect.
The potential of SL for enhancing the solubility of hydrophobic organic compounds, its low toxicity on the degrader microorganisms, the capability of A. discolor to produce MnP and to degrade PCP suggest the opportunity to study the effect of SL on the solubilization and biodegradation of PCP by A. discolor in liquid medium. Besides, the effect of several PCP concentrations on critical micelle concentration of SL and the effect of SL on A. discolor surface by SEM were evaluated.
Materials and Methods

Microorganism and Growth Conditions
The white-rot fungus Anthracophyllum discolor was obtained from the culture collection of the Environmental Biotechnology Laboratory of the Universidad de La Frontera (Chile). The fungus was transferred from slant tubes to glucose malt extract agar plates (per liter of distilled water) 15 g agar, 10 g glucose, 30 g malt extract, pH 5.2, maintained at 4˚C in plate and then incubated at 26˚C ± 2˚C for 7 days before being used for inoculum preparation.
Preparation of the Blended Mycelium
A. discolor was first grown in 1-L Erlenmeyer flask containing 100 mL of modified Kirk medium [31] and five 6-mm diameter agar plugs of active mycelium. The culture was incubated statically at 26˚C ± 2˚C for 7 days in darkness. After this, the fungal culture was homogenized in a sterilized blender for 1 min. The modified Kirk medium contained (per liter of distilled or deionized water) 10 g glucose, 0.12 g C 4 H 12 N 2 O 6 , 2 g KH 2 PO 4 , 0.59 g MgSO 4 ·7H 2 O, 0.1 g CaCl 2 , 3.3 g CH 3 COONa·3 H 2 O and 10 mL mineral salts. The initial pH of the medium was adjusted to 5.5 with either 1 M NaOH or 1 M HCl.
Chemicals and Stock Solutions Preparation
The 2,4-dicholorophenol (2,4-DCP) was obtained from
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Sigma-Aldrich and 2,4,6-trichlorophenol (2,4,6-TCP) was purchased from Fluka. Pentachlorophenol (PCP) was obtained from Aldrich Chemical Co., with >98% purity. The other compounds were greater than 97% purity. Soya lecithin (SL) was purchased from PRINAL ® . The N and organic C contain were 1.04% and 56.41% measured by Kjeldahl and Total Organic Carbon (TOC-V CPH , Shimadzu), respectively.
The PCP Solubilization Test
The solubility test was performed in a 20-mL glass tube. The tubes were homogenized in a mechanical shaker for 24 h at 150 rpm and 25˚C ± 2˚C. After this time, the samples were centrifuged for 15 min at 3000 rpm to separate the undissolved portion of PCP. Then supernatants were filtered through 0.2 µm diameter pore. The PCP was quantified by high performance liquid chromatography (HPLC). Triplicates tube were run for each concentration.
Effect of PCP on Critical Micelle Concentration of SL
The effect of PCP on critical micelle concentration (CMC) of SL in modified Kirk medium was determined by the breakpoint of conductivity versus surfactant concentration curve. The assay was performed in 100-mL Erlenmeyer flask with 50 mL of modified Kirk medium and aliquots of SL concentration ranged from 0.2 to 2 g• L −1 were added. After this, aliquots of PCP stock solution (1 g•L −1 in deionized water and adequate quantity of 1 N KOH to dissolve PCP) to obtain a final concentration of 5, 10, 15 and 20 mg•L −1 were added. The electrical conductivity of each solution was measured with a HACH Sens ion5 conductivimeter at 25˚C ± 2˚C. The results of CMC are reported as the mean of three replicates.
Effect of SL on PCP Biodegradation by A. discolor in Liquid Medium
Effect of SL on PCP biodegradation by A. discolor was evaluated using 10 mL of modified Kirk medium in 100-mL Erlenmeyer flask. An aliquot of PCP stock solution ( Then, organic solvents were evaporated for re-crystalization of SL and PCP under aseptic conditions. After this, each Erlenmeyer flask received an inoculum of A. discolor (10 mL of modified Kirk medium and 0.4 mL of blended mycelium of A. discolor). The flasks were incubated under static conditions in darkness for 26 days at 26˚C ± 2˚C. PCP and its metabolites (2,4-DCP and 2,4,6-TCP) were quantified periodically (1, 5, 10, 15, and 26 days) in the liquid medium and in the fungal mycelium by HPLC. Besides, enzymatic activities of Lac, MnP, lignin peroxidase (LiP) and manganese-independent peroxidase (MiP) and pH variation were evaluated.
Effect of SL on A. discolor Surface Visualized by Electronic Microscopy
The scanning electron microscopy (SEM) was used for detecting some SL effect on the surface of A. discolor. An aliquot of SL stock solution (50 g•L −1 in hexane) was added in to a sterile 100-mL Erlenmeyer flask to give a final concentration of 0.6 g•L −1
. After hexane was evaporated, each flask was inoculated with A. discolor. Biotic control (liquid medium with SL and A. discolor) was established in parallel. Each experiment was carried out under destructive sampling mode. All flasks were incubated at 26˚C ± 2˚C in darkness for 20 days. The fungal surface of A. discolor was visualized by SEM after 5 and 20 days of incubation. The analyses were carried out with a Jeol JSM-6360LV microscope.
Analytical Procedures
Determination of Enzymatic Activities in the
Liquid Medium The enzymatic activities (Lac, LiP, MiP and MnP) were measured from the supernatant of a previously centrifuged sample (2 min at 3000 rpm) of liquid medium.
Laccase activity was determined with 2,6-dimethoxxyphenol (2,6-DMP) as the substrate in sodium malonate (pH 4.5). The enzyme activity unit was defined as an increase in absorbance per minute at 468 nm and 30˚C [32] . MnP activity was determined by monitoring the oxidation of 2,6-DMP spectrophotometrically at 30˚C. The reaction mixture (1 mL) contained 200 μL of 250 mM sodium malonate (pH 4.5), 50 μL of 20 mM 2,6-DMP, 50 μL of 20 mM MnSO 4 ·H 2 O and 600 μL of supernatant. The reaction was initiated by adding 100 μL of 4 mM H 2 O 2 , monitored at 468 nm and corrected by Lac activity. MiP activity was determined in a reaction mixture containing 200 μL of 250 mM sodium malonate (pH 4.5), 50 μL of 20 mM 2,6-DMP, 100 μL of 20 mM EDTA, and 600 μL of supernatant. This reaction was initiated by adding 100 μL of 4 mM H 2 O 2 , monitored at 468 nm and corrected by the Lac activity [32] . The molar extinction coefficient was 49,600 M hol (20 mM) and 100 μL of supernatant. The reaction was initiated by adding 80 μL of H 2 O 2 (10 mM) [33] and was monitored at 310 nm for 2 min. The molar extinction coefficient was 93,000 M −1
•cm −1 . The absorbance was read using Spectronic Genesys 2PC model spectrophotometer and expressed in U•g −1 dry weight (U•g −1 dw) of mycelium.
Extraction and Quantification of PCP from the Liquid Medium and Fungal Mycelium
The liquid medium and fungal mycelium of A. discolor were vacuum-filtered through 0.2 µm pore size of nitrocellulose membrane. The filtered liquid medium was analyzed by HPLC. The biomass retained in the membrane was transferred to 100-mL Erlenmeyer flasks, diluted with 5 mL hexane:acetone mixture (1:1) and adjusted at pH 2 with 0.1 N H 2 SO 4 . The Erlenmeyer flasks were hermetically sealed and shaken for 2 h at 150 rpm. After shaking, Erlenmeyer flasks were taken to a sonic bath for 30 min. The mixture was vacuum-filtered through 0.22 μm pore size of polytetrafluoroethylene membrane. The retained biomass was dried at 105˚C for 3 h to determine dry weight. The extract of PCP adsorbed in fungal mycelium was analyzed by HPLC.
The PCP concentrations were quantified by HPLC with a Merck Hitachi L-7100 pump, a Rheodyne 7725 injector with 20 μL loop diode array detector. The column was a reverse phase (Lichrosphere 60RP select B, 5 μm). Detection of PCP and metabolites (2,4-DCP and 2,4,6-TCP) were at 210 nm and the mobile phase consisted of 1% phosphoric acid/acetonitrile (40:60, v/v). Determinations were with a flow rate of 1 mL•min −1 , at room temperature (22˚C ± 2˚C). The presence of surfactant, SL, did not interfere with the detection of PCP and their metabolites. The procedure described was checked for PCP recovery (which ranged from 94% to 100%). The retention time were 3.79, 4.49 and 6.11 min for 2,4-DCP, 2,4,6-TCP and PCP, respectively.
Preparation and Inspection of Mycelium of A.
discolor for SEM Mycelium of A. discolor for SEM was obtained from cultures with 5 and 20 days of incubation. The mycelium sample was centrifuged at room temperature by 15 min at 4000 rpm. After this, the mycelium was fixed with a 2% v/v glutaraldehyde in 0.1 M potassium phosphate buffer (pH 7) for 18 h at 4˚C. Then, mycelium was centrifuged (15 min at 4000 rpm at room temperature) and washed three times with distilled water in 30 min. Afterwards, the mycelium sample was fixed with a 4% v/v osmium tetraoxide in 0.1 M potassium phosphate buffer (pH 7) for 2 h at room temperature. Besides this treatment, the samples were dehydrated by immersion in ascending series solution of ethanol (70%, 80%, 90%, and 100%).
Apart from this treatment, the mycelium was washed with potassium phosphate buffer (pH 7) for 30 min followed by three changes with distilled water. Finally, the mycelium was re-suspended in distilled water, and a drop of suspension was deposited over coverslips and air-dried overnight at room temperature. The completely dried mycelium was coated with Au/Pd with BAL-TEC to make observations using a scanning electron microscope.
Quantification of Fungal Biomass
The fungal biomass was determined by measuring the dry weight of fungal mycelium. The culture medium was vacuum-filtered through a 0.22 µm pore size of nitrocellulose membrane. The retained biomass was dried at 105˚C until reaching a constant weight. The yield was expressed as g dry weight of mycelium L −1 of liquid medium.
Results and Discussion
The PCP Solubilization Test
The effect of SL on the aqueous solubility of PCP was evaluated by test tube solubilization assays in the presence of increasing concentrations of SL (0. The result shows that SL had certain effect on the solubilization of PCP either below or above its CMC, 0.61 g•L −1 [30] ; the solubilization was higher than when the SL concentration was above its CMC. Similar result was reported by Eddouaouda et al. [34] . They found that the solubility of phenanthrene in water was higher when the biosurfactant concentration was above its CMC. This situation can be explained due to that surfactant molecules exist as monomers below its CMC and, as was described by Eddouaouda et al. [34] and Li and Chen [35] monomeric molecules have minimal partition effect on solute. In contrast, contaminant solubility is increased when surfactant concentration is above its CMC. On the other hand, Cort et al. [23] evaluated the aqueous solubility of PCP in the presence of surfactant nonionic, Tergitol NP-10. They found that PCP concentration increased linearly as surfactant was added. Garon et al. [36] quantified the extent of fluorene solubilization in presence of three surfactants. Their results showed that fluorine dissolution was increased in the presence of surfactant, and the increasing solubility was dependent on the type of surfactant. They obtained higher solubilization with Tween 80 with respect to SDS. The effect of biosurfactants (produced by Pseudomona aeruginosa strains) on the solubility of polycyclic aromatic hydrocarbons was evaluated by Bordoli and Konwar [37] . They reported that solubility of contaminants was enhanced. Besides, it depended on contaminant and P. aeruginosa strains. [30] . However, the CMC of surfactant depends on many factors, such as determination method [38, 39] , phospholipid composition, electrolyte addition, solution temperature, presence of organic additives [40] or conditions of salinity [41] , among other; making this value different from the one determined in pure water [39] .
Effect of PCP on CMC of SL
As reported in literature, the CMC value decreases as the concentration of solute increases [42] . This result can be due to a neutralization of the surface charge of the surfactant by the contaminant, affecting the micelle formation. A reduction of the thickness of the ionic atmosphere around the surfactant ionic heads, produce electrostatic repulsions between them, helping in this way the micellization process. This behavior is followed by all kinds of surfactants, independent from their chemical nature [39] .
Effect of SL on Biodegradation of PCP by A. discolor in Liquid Medium
A variety of surfactants have been applied for the biodegradation of compound with low solubility in liquid medium, groundwater aquifers, and contaminated soils, among others. Nevertheless, few studies have addressed the removal of these compounds using phytogenic surfactant, as SL, in combination with white-rot fungi. In this context, the SL effect on the PCP degradation by A. discolor in liquid medium was evaluated. Considering the lack of information about the SL effects on PCP biodegradation, SL was tested at concentrations of 0, 0.3, 0.6, and 0.9 g•L −1
, which were below and above the previously determined CMC (0.6 g•L −1 ). The medium was contaminated with 21.4 mg•L −1 of PCP. The degradation was established by both the removal of PCP (Table 3 ) and the production of metabolites, as 2,4-dicholorophenol (2,4-DCP) and 2,4,6-trichlorophenol (2,4,6-TCP) ( Table 4) . After 26 days of incubation, the 94.4% of PCP was removed, when the culture medium was supplemented with 0.9 g•L −1 of SL. In contrast, in the control assay (without SL) only the 76.5 [23] ; they evaluated the effect of nonionic surfactant on PCP biodegradation. Their result showed a faster PCP degradation rates at higher concentrations of nonionic surfactant, Tergitol NP-10. These results can be explained by surfactant reducing the substrate inhibition. On the other hand, some studies have shown that the toxicity of PCP in white-rot fungi is not related to the concentration of contaminant in liquid medium, it is given by the dose, expressed as the ratio of the mass of chemical to the mass of the mycelium [43, 44] . Nonionic surfactants, such as Tween 20, Tergitol NP-10, among others, are good candidates to enhance in situ remediation, based on their low biotoxicity and protective effect [45] .
In relation to the residual concentration of PCP in the biomass mycelium (Table 3) , the result shows that the increase in SL concentration caused an increase of the concentration of PCP in the biomass, 1.7%, 2.3% and 2.9% for 0.3, 0.6 and 0.9 g•L −1 of SL, respectively. This fact can be explained by that the surfactants may have an effect on the permeability of membrane for contaminants with low solubility in water, due to biological membranes present phospholipid equal that the surfactants [46] . However, in the control assay, without SL, the biomass sorption of PCP was greater than in presence of SL, and can explain the low percent of PCP removal (76.5%). Besides, Table 3 shows that the percent of PCP removed increase with increase in SL concentration. In this context, the SL presence can eliminate the inhibitory effect of PCP.
On the other hand, the concentrations of metabolites in the culture medium were quantified after 26 days of incubations ( Table 4 , respectively.
Enzyme Production in the Presence of SL and PCP
The enzymatic activity of A. discolor was evaluated during the PCP biodegradation assay. After 26 days, the amount of Lac produced did not exceed 4 U•g −1 (Figure  2(a) ). Besides, the highest MnP activities were detected at 26 days (Figure 2(b) , date no shown.
Variation of pH and Biomass in the Presence of SL and PCP
The pH variation and biomass production are presented in Figure 3 . After 26 days of incubation, the pH of liquid medium was between 5.2 and 5.7 units for all the conditions, with and without SL (Figure 3(a) ). In this assays the initial concentration of biomass for the biodegradation test was 1.4 g•L −1 (Figure 3(b) ). The PCP addition affected negatively the biomass production of A. discolor,
, approximately. After 5 days, the fungal biomass increased slowly when the liquid medium was added with SL. Besides, an increase on biomass production was observed with the increase in SL concentration, however was not higher than 0.7 g•L −1 in presence of 0.9 g•L −1 of SL, after 26 days of incubation. In contrast, the fungal biomass production was constant in the control assay, without contaminant and without SL, reached a value of 1.9 g•L −1 after 26 days of culture. Boyle [9] evaluated the effects of three cyclodextrins and PCP on radial growth of the T. hirsute. He reported that at pH 4.9 Gamma 8 eliminated the inhibitory effects of 10 mg•L −1 of contaminant and partially overcome those at 50 mg•L −1 Beta W7 M1.8 also alleviated inhibition, but less pronounced. Alpha W6 M1.8 had little effect and cyclodextrins did not affect radial growth of T. hirsute. The PCP effects on growth of several white-rot fungi have been well studied. In this context, Tortella et al. [13] studied the tolerance of fungi to mycelia growth in the presence of PCP. They found inhibition mycelia growth when the fungi were exposed at 25 mg•L −1 of PCP. Besides, Walter et al. [47] informed that the most strains of white-rot fungi studied tolerant 20 mg•L −1 of PCP. However, Alleman et al. [48] detected inhibition of growth with 5 -10 mg•L −1 of PCP for P. chrysosporium, T. versicolor, Inonotus sp, Ganoderma sp. The several responses found could be due to composition of liquid medium and growth conditions [49] , PCP doses [44] , or fungal strains adapted to PCP [13] .
Effect of SL on Fungal Surface of A. Discolor Visualized by SEM
The SEM microscopy was applied on fungal hyphae of A. discolor for to detect some SL effect on their surface, such as disruption of cellular membranes or cells lysis. Figure 4 shows SEM images of fungal hyphae with 5 and 20 days of incubation in modified Kirk medium at pH 5.5 and 25˚C ± 2˚C. These images show that A. discolor presents septate hyphae (Figure 4(a) ) and their conidia are spherical and oval. Spherical conidia have 2.4 ± 0.8 µm diameters (n = 5) and oval conidia have 3.7 ± 1.2 µm long (n = 5). The SEM micrograph shows that SL presents no negative effect on fungal surface of A. discolor at the evaluated concentration after 5 and 20-days culture (Figures 4(b) and (c) ). Information about the effect of SL on degrading microorganisms is limited. However, Bustamante et al. [30] found that the increase in SL concentration caused an increase in mycelia growth of A. discolor. Besides, Soeder et al. [25] found that SL enhanced growth of the bacteria under all conditions evaluated of surfactant concentrations. Nevertheless, it is known that surfactants can have toxic effect on microorganisms. This negative effect can be related to damage on the cellular membranes or reaction of surfactant with proteins essential to cell functioning, it as was reviewed by Volkering et al. [50] . Garon et al. [36] evaluated the toxicity of three surfactants on several fungal strains. They found that Triton X-100 and Tween 80 were well tolerated by fungi. However, growth inhibition was observed in presence of SDS (sodium dodecyl sulfate). They explained that the low SDS tolerance is possibly due to physic-chemical interactions between surfactants and fungal structures such as membranes and walls. Besides, some studies have shown that charge has a toxic effect; cationic surfactants are more toxic and are applied as antimicrobials, as it has been reviewed by Van Hamme et al. [51] .
Conclusion
In conclusion, it could be said that PCP solubility enhances with increasing SL concentration. Besides, the CMC values decreased when PCP concentration was increased. The biodegradation assay showed a positive SL effect, with high degradation obtained during fungal culture. The SL addition in liquid medium enhanced PCP biodegradation in 18% with respect to culture control. A. discolor does not diminish its ligninolytic activity in presence of PCP and SL, mainly producing MnP. The PCP removal (%) obtained and the ligninolytic activity, represented by high MnP activity, suggest that SL can be applied to increasing bioavailability and biodegradation of contaminants with low solubility in water. Finally, the SEM micrograph shows that the fungal surface of A. discolor was not affected by the SL concentration added to culture medium.
